We recently derived mouse expanded potential stem cells (EPSCs) from individual blastomeres by inhibiting the critical molecular pathways that predispose their differentiation. EPSCs had enriched molecular signatures of blastomeres and possessed developmental potency for all embryonic and extra-embryonic cell lineages. Here, we report the derivation of porcine EPSCs, which express key pluripotency genes, are genetically stable, permit genome editing, differentiate to derivatives of the three germ layers in chimeras and produce primordial germ cell-like cells in vitro. Under similar conditions, human embryonic stem cells and induced pluripotent stem cells can be converted, or somatic cells directly reprogrammed, to EPSCs that display the molecular and functional attributes reminiscent of porcine EPSCs. Importantly, trophoblast stem-cell-like cells can be generated from both human and porcine EPSCs. Our pathway-inhibition paradigm thus opens an avenue for generating mammalian pluripotent stem cells, and EPSCs present a unique cellular platform for translational research in biotechnology and regenerative medicine.
M
ouse and human embryonic stem cells (ESCs) derived from pre-implantation embryos [1] [2] [3] self-renew in long-term cultures and differentiate to all embryonic cell lineages in vitro and in mouse chimeras. The development of well-defined culture conditions, such as 2i/LIF, has substantially facilitated the derivation and maintenance of mouse ESCs 4 , and has led to intensive efforts for deriving human ESCs akin to mouse ESCs 5, 6 . However, it has been challenging to translate the findings from studies of mouse and human cells to establish ESCs from other mammalian species. The domestic pig shares great genetic, anatomical and physiological similarities with humans, and is considered to be an excellent model for human diseases, cell therapies and even as a donor for porcine xenografts. To this date, bona fide porcine ESCs have not yet been established [7] [8] [9] [10] [11] [12] [13] [14] . The published lines usually do not meet with the stringent criteria for pluripotency and are frequently called 'ES-like' cells.
We have recently demonstrated that by targeting key molecular pathways that drive lineage differentiation in the mouse preimplantation embryo, expanded potential stem cells (mEPSCs) displaying a broad propensity for extra-embryonic and embryonic Articles Nature Cell Biology lineage differentiation were derived 15, 16 . We hypothesized that a similar experimental paradigm of targeting key developmental pathways might be applied to establish porcine stem cells from preimplantation embryos. However, little is known about the molecular and signalling mechanisms of porcine early pre-implantation embryo development; we thus set out to perform a chemical screen of inhibitors that were used to isolate and maintain mouse mEPSCs, mouse and human ESCs and to delineate the optimal conditions for porcine cells. Our results demonstrate that porcine EPSCs could be established and, importantly, that similar culture conditions permit derivation of human EPSCs.
Results and discussion
Identification of culture conditions for porcine pluripotent stem cells. Although porcine induced pluripotent stem cells (iPSCs) are available, their use for screening is confounded by the leaky expression of the transgenic reprogramming factors after reprogramming or by low levels of expression of the endogenous pluripotency genes [17] [18] [19] [20] . To overcome this challenge, we generated porcine iPSCs by expressing eight doxycycline (Dox)-inducible transcription factors, which substantially improved the efficiency of reprogramming both wild-type and transgenic porcine fetal fibroblasts (PFFs), in which a tdTomato cassette had been inserted into the 3′ untranslated region of the porcine OCT4 (POU5F1) locus (POT PFFs) 21 of putative iPSC colonies (Fig. 1a-c) . The iPSCs from POT PFFs were OCT4-tdTomato + (Fig. 1c ) and expressed high levels of the endogenous pluripotency factors (Fig. 1d) . The iPSCs could be passaged as single cells for more than 20 passages in serum-containing medium (M15) plus Dox. Following Dox removal, the iPSCs differentiated within 4-5 d, concomitant with rapid downregulation of the exogenous reprogramming factors and endogenous pluripotency genes, and increased expression of both embryonic and extra-embryonic cell-lineage genes ( Fig. 1e-h ). These Dox-dependent iPSCs with robust endogenous pluripotency gene expression provided the material for the chemical screen.
Over 400 combinations of 20 small molecule inhibitors and cytokines were tested for their ability to maintain Dox-independent porcine iPSCs in the undifferentiated state ( Fig. 1i and Supplementary Table 1) . A departure was noted from previous reports that naive mouse ESC medium 2i/LIF (ref. 4 ) was able to maintain putative porcine iPSCs [22] [23] [24] : porcine iPSCs were rapidly lost with 1.0 μM Mek1 inhibitor PD0325901, irrespective of whether or not Dox was present ( Supplementary Fig. 1a-g ), indicating that porcine pluripotent stem cells differ from mouse ESCs in the requirements of Mek-ERK signalling 4, 25 . Inhibition of p38 and PKC was also non-conducive for porcine iPSCs ( Supplementary Fig. 1f,h ). Therefore, mouse or human naive ESC conditions [4] [5] [6] cannot be directly extrapolated to porcine cells. The Mek1/2, p38 and PKC inhibitors were therefore excluded from the screen. Several conditions were identified that met the screen criteria ( Supplementary Fig. 1g ), including a minimal requisite condition (no. 517, porcine EPSC (pEPSC) medium (pEPSCM)) comprising inhibitors for GSK3 (CHIR99021), SRC (WH-4-023) and Tankyrases (XAV939; the last two were inhibitors important for mouse EPSCs 15 ), and supplements: vitamin C (Vc), Activin A and LIF (Fig. 1i, Supplementary Fig. 1g and Supplementary Table 1) . Under these conditions, the Dox-independent iPSCs (pEPSC iPS ) remained undifferentiated for 30 passages, expressed endogenous pluripotency factors at levels comparable to the porcine blastocyst and showed no leaky expression of the exogenous reprogramming factors ( Fig. 1j and Supplementary Fig. 1i,j) .
We next repeated the reprogramming experiment by directly culturing the primary colonies in pEPSCM ( Supplementary  Fig. 2a ) and generated 11 stable pEPSC iPS lines from 16 primary colonies (70% efficiency), 6 of these had no detectable expression of any of the 8 exogenous reprogramming factors but had high levels of endogenous pluripotency genes ( Supplementary Fig. 2b ).
Establishment of porcine EPSCs from pre-implantation embryos.
The pEPSCM condition was subsequently employed to derive stem cell lines from porcine pre-implantation embryos. A total of 26 lines (pEPSCs Emb ; 14 male and 12 female) were established from 76 early blastocysts (5.0 days post coitum (dpc)) and 12 cell lines (pEPSCs par ) from 252 parthenogenetic blastocysts (Fig. 2a, Supplementary  Table 2 and Supplementary Fig. 2c ). Like pEPSCs iPS , pEPSCs Emb had high nuclear:cytoplasmic ratios and formed compact colonies with smooth colony edges ( Fig. 2a and Supplementary Fig. 2d ).
The pEPSCs
Emb were passaged every 3-4 d at a ratio of 1:8 as single cells, could be maintained for >40 passages on STO feeders without overt differentiation and were genetically stable ( Supplementary  Fig. 2e ). The sub-cloning efficiency was about 10% at a low cell density (2,000 cells well −1 in a six-well plate) but routine passaging was performed at a high cell density.
Pluripotency genes were expressed in pEPSCs Emb and pEPSCs iPS at levels comparable to the blastocysts ( Fig. 2b and Supplementary  Fig. 2b ) but were drastically reduced or lost when the pEPSCs were cultured in other previously reported porcine ESC media [8] [9] [10] [11] [12] [13] [14] ( Supplementary Fig. 2f,g ). Porcine EPSCs showed extensive DNA demethylation at the OCT4 and NANOG promoter regions ( Fig. 2c ) and had OCT4 distal enhancer activity ( Supplementary  Fig. 2h ). The pEPSCs were amenable to CRISPR/Cas9-mediated insertion of an H2B-mCherry expression cassette into the ROSA26 locus ( Supplementary Fig. 2i ,j). In vitro, pEPSCs differentiated into tissues expressing genes representative of the three germ layers and, uniquely, trophoblast genes ( Fig. 2d and Supplementary Fig. 2k ). In immunocompromised mice, pEPSCs Emb formed mature teratomas with derivatives of the three germ layers and contained placental lactogen-1 (PL-1)-, KRT7-and SDC1-positive trophoblast-like cells (Fig. 2e,f) . Following incorporation of the pEPSCs into preimplantation embryos and 48 h of culture, pEPSCs (marked by H2B-mCherry) had colonized both the trophectoderm and the inner cell mass of blastocysts ( Supplementary Fig. 3a) . A total of 45 conceptuses were harvested from 3 litters at days 26-28 of gestation following the transfer of the chimeric blastocysts to synchronized recipient sows (Supplementary Table 3 and Supplementary Fig. 3b ). Flow cytometry analysis of dissociated cells from embryonic and extra-embryonic tissues of the chimeras detected mCherry + cells in seven conceptuses (Supplementary Fig. 3c and Supplementary Tables 4,5): mCherry + cells in both the placenta and embryonic tissues in two chimeras (nos 8 and 16); only in embryonic tissues in three chimeras (nos 4, 21 and 34) and exclusively in the placenta of two chimeras (nos 3 and 6). Genomic DNA PCR assays detected mCherry DNA only in those seven mCherry + chimeras and not in any other conceptuses ( Supplementary Fig. 3d and Supplementary Tables 4, 5) . Despite the low contribution of the donor mCherry + cells, their descendants were found in multiple embryonic tissues and organs that were identified by tissue lineage markers ( Fig. 2g and Supplementary Fig. 3e,f) . Therefore, like mEPSCs, pEPSCs Emb and pEPSCs iPS possess an expanded developmental potential for both the embryonic cell lineages and extra-embryonic trophoblast lineages.
Derivation of PGCLCs from pEPSCs

Emb
. We next investigated whether pEPSCs had the potential to produce PGC-like cells (PGCLCs) in vitro, similarly to mouse and human pluripotent stem cells [26] [27] [28] . In porcine embryos (E11.5-E12) in the early primitive streak stage, the first cluster of porcine PGCs can be detected as SOX17 + cells at the posterior end of the nascent primitive streak and these cells later coexpress OCT4, NANOG, BLIMP1 and TFAP2C 28 . NANOS3 is an evolutionarily conserved PGC-specific factor 29, 30 and human NANOS3 reporter ESCs have been used to study the derivation of PGCLCs 27, 28 . We generated and used a NANOS3-H2B-mCherry pEPSC Emb reporter line to facilitate the identification of putative PGCLCs (Supplementary Fig. 4a ). After Articles Nature Cell Biology together with LIN28, NANOG, LRH1 and RARG in porcine PFFs. Stable genomic integration of complementary DNA in PFFs was achieved by piggyBac (PB) transposition. pOMSK, porcine OCT4, MYC, SOX2 and KLF4; pN-hLIN, porcine NANOG and human LIN28; hRL, human RARG and LRH1. Reverse tetracycline-controlled transactivator (rtTA) was driven by CMV early enhancer/chicken beta actin promoter (CAG). The reprogrammed colonies were single-cell passaged in the presence of Dox in M15 (15% fetal bovine serum). b, Coexpression of LIN28, NANOG, LRH1 and RARG substantially increased the number of reprogrammed colonies from 250,000 PFFs (n = 4 independent experiments). c, Reprogramming of the porcine OCT4-tdTomato knock-in reporter (POT) TAIHU and wide-type (WT) German Landrace PFFs to iPSCs. The inset image shows the loss of tdTomato expression. d, The iPSC lines expressed key pluripotency genes, as analysed by quantitative PCR with reverse transcription (RT-qPCR). The iPSC lines nos 1 and 2, and nos 3 and 4 were from WT German Landrace and POT PFFs, respectively. e, RT-qPCR analysis of the exogenous reprogramming factors in iPSCs either in the presence of Dox or 5 d after its removal. f, POT iPSCs became tdTomato negative 5 d after Dox removal. g, RT-qPCR analysis of the expression of endogenous pluripotency genes in iPSCs cultured with or without Dox. The inset image shows the loss of tdTomato expression. h, Expression of lineage genes in porcine iPSCs 5-6 d after Dox removal. Gene expression was measured by RT-qPCR. The relative expression levels are shown normalized to GAPDH. The experiments were performed three times. i, Diagram depicting the screening strategy used to identify the culture conditions for porcine pluripotent stem cells using Dox-dependent iPSCs. Small-molecule inhibitors and cytokines were selected for various combinations. Cell survival, cell morphology and the expression of endogenous OCT4 and NANOG were employed as the read-outs. j, Images of POT reporter iPSCs in pEPSCM without Dox. The inset image shows the expression of tdTomato. d,e,g,h, n = 3 independent experiments. All graphs represent the mean ± s.d. The P values were computed using a two-tailed Student's t-test. The experiments in c,f,j were repeated independently three times with similar results. The source data are provided in Supplementary . The expression levels of genes of embryonic and extra-embryonic cell lineages were assessed by RT-qPCR. The relative expression levels were normalized to GAPDH. Data represent the mean ± s.d.; n = 3 independent experiments. The P values were calculated using a two-tailed Student's t-test. The statistical source data are provided in Supplementary Table 10 . e, Tissue composition of pEPSC Emb teratoma sections (haematoxylin and eosin staining) with examples of glandular epithelium derived from endoderm (i), cartilage derived from mesoderm (ii), immature neural tissue derived from ectoderm, which forms neuroepithelial structures (iii) and large multinucleated cells reminiscent of trophoblasts (arrows in iv). f, PL-1-, KRT7-and SDC1-positive cells in pEPSC Supplementary Fig. 3e ,f. The experiments in a,b,e-g were repeated independently three times with similar results. Scale bars, 100 μm.
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Nature Cell Biology transiently expressing the SOX17 transgene for 12 h, the reporter cells were allowed to form embryoid bodies (EBs; Supplementary  Fig. 4b ), where cell clusters coexpressing NANOS3 (mCherry + ) and tissue non-specific alkaline phosphatase (TNAP; a PGC marker) were detected within 3-4 d (Fig. 3a) .
The derivation of putative porcine PGCLCs was BMP2/4 dependent (Fig. 3a) . Interestingly, in contrast to the reported derivation of human PGCLCs 28 , the expression of NANOG, BLIMP1 or TFAP2C transgenes, either individually or in combination, had no effect on the preponderance of NANOS3 + cells ( Supplementary Fig. 4c ), whereas coexpression of SOX17 with BLIMP1 seemed to increase NANOS3 + cells ( Supplementary Fig. 4c,d ). The putative PGCLCs in the EBs expressed PGC-specific genes (Fig. 3b,c and Supplementary Fig. 4e) 
/NANOS3
+ cells, whereas TET1 and TET2 were upregulated, relative to the parental pEPSCs Emb (Fig. 3e,f) . The following datasets were used: pEPSC Par (porcine parthenogenetic EPSCs); E14-and AB2-EPSCs (mouse EPSCs) 15 ; human primed ESCs (WIBR1, iPS_NPC_4 and iPS_NPC_13) and naive ESCs (WIBR2, WIBR3_cl_12, WIBR3_cl_16, WIN1_1 and WIN1_2) 6, 35 ; human primed H1 ES cells (H1-rep1 and H1-rep2) and extended pluripotent stem (EPS) cells (H1_EPS_rep1, H1_EPS_rep2, ES1_EPS_rep1 and ES1_EPS_rep2) 36 . e, Principal component analysis (PCA) of bulk RNA-Seq data of EPSCs, human primed and naive ESCs, and PFFs. Human naive, n = 5; human primed, n = 3; H1-EPSC, n = 2; hiPSC-EPSC, n = 2; pEPSC Emb , n = 2; pEPSC iPS , n = 2; pEPSC Par , n = 2; PFF, n = 2; E14_EPSC, n = 2 and AB2_EPSC, n = 1; n represents the number of biologically independent experiments. f, Pairwise comparison of gene expression levels between H1-ESCs and H1-EPSCs showing the highly expressed genes (more than eightfold) in hEPSCs (total 76; red dots) and representative histone genes (blue dots). g, Expression levels of selected histone genes in human ESCs, EPSCs and pre-implantation embryos. RNA-Seq data of human ESCs were from ref. 35 , whereas embryo cell data were from ref. 37 . h, RT-qPCR analysis of four histone 1 cluster genes in seven human ESC or iPSC lines cultured under three different conditions. The hiPSC lines were from the HIPSC project (http://www.hipsci.org): no. 1, HPSI1113i-bima_1; no. 2, HPSI1113i-qolg_3; no. 3, HPSI1113i-oaaz_2 and no. 4, HPSI1113i-uofv_1. The relative expression levels are shown with normalization to GAPDH. Data represent the mean ± s.d.; n = 3 independent experiments. The P values were computed using a two-tailed Student's t-test. *P < 0.01 compared with the FGF condition cultured cells; **P < 0.01 compared with 5i-condition cultured cells. The experiments were performed three times. The statistical source data are provided in Supplementary Table 10 . Scale bars, 100 μm.
Establishment of human
D N M T 1 D N M T 3 A D N M T 3 B T E T 1 T E T 2 T E T 3 Expression (TPM + 1) PGC early PGC late Pluripotency Mesoderm Ectoderm Endoderm Somatic TE p P G C L C p E P S C E m b P F F log 2 [normalized counts] POU5F1 KIT NANOS3 TFAP2C SOX17 NANOG CD38 DND1 SOX15 TDRD10 DDX4 RNF17 TDRD9 DAZL SYCP3 TDRD5 MAEL SOX2 SALL4 ALPL ZFP42 LIN28A GATA2 HAND1 T PDGFRA KDR PAX6 GBX2 ASCL1 FGF5 FOXA1 FOXA2 GATA4 HNF4A AFP LHX9 WT1 TEAD4 CDX2 EOMESO C T 4 N A N O G S O X 2 R E X 1 S A L L 4 H1-ESC H1-5i
Articles
Nature Cell Biology diverse morphologies and heterogeneous expression of OCT4 ( Supplementary Fig. 5a ). The removal of Activin A (20.0 ng ml −1 ) from pEPSCM led to the formation of considerably fewer cell colonies from H1 (<1.0%) and M1 (5.0%) ESCs, whereas none were formed from H9 or M10 ( Supplementary Fig. 5a ), which reflects the inherent between-line heterogeneity of human ESCs 33, 34 . With further refinement of the culture conditions (for example, replacing WH-4-023 with another SRC inhibitor A419259 in human EPSCM (hEPSCM); see Methods), morphologically homogenous and stable cell lines were established from single-cell sub-cloned H1 (H1-EPSCs) and M1 cells (M1-EPSCs; Fig. 4a ). Karyotype analysis of H1 and M1 cells grown in hEPSCM on STO feeders revealed genetic stability (at passage 25 post conversion from the parental hESCs; Supplementary Fig. 5b ). When human primary iPSC colonies reprogrammed from fibroblasts were directly cultured in hEPSCM, around 70% of the picked colonies could be established as stable iPSC lines (iPSC-EPSCs; Supplementary Fig. 5c ), which expressed pluripotency markers with no obvious leakiness of the exogenous reprogramming factors in about half the lines ( Fig. 4b and Supplementary Fig. 5d ). The H1-EPSCs proliferated more robustly than the H1-ESCs cultured in standard FGF-containing medium (H1-ESC, primed) or under naive 5i/L/A conditions (H1-naive ESC 6 ; Supplementary Fig. 5e ) and were tolerant of singlecell passaging with about 10% single-cell sub-cloning efficiency in the transient presence of ROCKi. The cell survival at passaging was substantially improved in the presence of 5.0 ng ml −1 Activin A or by splitting the cells at higher densities. Human EPSCs expressed pluripotency genes at higher levels than the H1-ESCs (Fig. 4b ) and minimal levels of lineage markers ( Supplementary Fig. 5f ). The expression of core pluripotency factors and surface markers in human EPSCs was confirmed by immunostaining ( Supplementary  Fig. 5g ). H1-EPSCs differentiated to derivatives of the three germ layers in vitro and in vivo ( Supplementary Fig. 5h,i) . Moreover, H1-EPSCs were successfully differentiated to PGCLCs using in vitro conditions developed for germ-cell-competent hESCs or iPSCs 27, 28 ( Fig. 4c and Supplementary Fig. 5j ). Our results demonstrate that porcine and human EPSCs could be derived and maintained using a similar set of small-molecule Articles Nature Cell Biology
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Relative expression . CDX2-H2B-Venus reporter EPSCs were also cultured in conventional FGF-containing hESCs medium or 5i-naive medium and differentiated under TGFβ inhibition and examined by flow cytometry. The experiments were repeated independently three times with similar results. b, The dynamic changes in the expression of trophoblast genes during hEPSC differentiation were assayed by RT-qPCR. The relative expression levels were normalized to GAPDH. Data represent the mean ± s.d.; n = 3 independent experiments. *P < 0.01, compared with H1-ESC cells; **P < 0.01, compared with H1-5i cells. The P values were calculated using a two-tailed Student's t-test. The precise P values are presented in Supplementary Table 10 . c, T-distributed stochastic neighbour embedding (tSNE) analysis of RNA-Seq data of the differentiating human ESCs (n = 2) and iPSC-EPSCs (n = 4) treated with SB431542. RNA was extracted from cells at days 0-12 of differentiation. The H1-EPSCs and hiPSC-EPSCs showed a different trajectory of differentiation from H1-ESCs. d, Heat map showing changes in the expression of trophoblast-specific genes in differentiating H1-ESCs, H1-EPSCs and iPSC-EPSCs collected at several time points of culture for RNA-Seq analysis. e, DNA demethylation at the promoter region of the ELF5 locus in differentiating H1-EPSCs and other cell types following 6 d of SB431542 treatment. Cells from H1-ESCs, H1-naive ESCs (5i) showed no discernible DNA demethylation at the ELF5 promoter. f, Levels of hormones secreted from trophoblasts derived from H1-EPSCs induced by TGFβ inhibition (SB431542). VEGF, PLGF, sFlt-1 and sEng were measured in the conditioned media for culturing the differentiating EPSCs or ESCs for 16 d following treatment with SB431542 for 48 h. g, Levels of hCG produced by trophoblasts from SB431542-treated EPSCs or ESCs at day 10 of differentiation, measured by ELISA (bottom). Data represent the mean ± s.d.; n = 4 independent experiments. The P values were calculated using a two-tailed Student's t-test. The statistical source data are presented in Supplementary Table 10 .
Articles Nature Cell Biology inhibitors. Global gene expression profiling revealed that pEPSCs and human EPSCs (hEPSCs) were clustered together and were distinct from PFFs or other human pluripotent stem cells 15, 35, 36 ( Fig. 4d,e) . Both porcine and human EPSCs expressed high levels of key pluripotency genes and low levels of somatic cell lineage genes (PAX6, T, GATA4 and SOX7) or placenta-related genes (PGF, TFAP2C, EGFR, SDC1 and ITGA5; Supplementary Fig. 6a-d) . Consistent with the high levels of global DNA methylation of pEPSCs and hEPSCs ( Supplementary Fig. 6e) , the DNA methyltransferase genes DNMT1, DNMT3A and DNMT3B were expressed at high levels, whereas TET1, TET2 and TET3 were expressed at lower levels ( Supplementary Fig. 6f,g ). Among the 76 genes (more than eightfold increase) that were expressed at high levels in H1-EPSCs compared with H1-ESCs, 17 encode histone variants with 15 belonging to histone cluster 1 ( Fig. 4f and Supplementary Table 6 ). Interestingly, these histone genes were expressed at low levels in 5i and primed human ESCs but were highly expressed in human eight-cell and morula-stage embryos (Fig. 4g) . The significantly higher expression of these histone genes was confirmed in additional hEPSC lines (Fig. 4h) . The biological significance of this observation remains to be investigated.
scRNA-Seq reveals substantially homogenous EPSC cultures.
EPSCs expressed uniform levels of the core pluripotency factors (Fig. 5a ) and were generally homogenous cells in culture in the context of single-cell transcriptome (Fig. 5b) . Mouse EPSCs had enriched transcriptomic features of four-to eight-cell blastomeres 15 . Single-cell RNA-Seq (scRNA-Seq) analysis suggested that the hEPSCs transcription profiles, as well as the histone gene expression profiles, were more similar to those of human eight-cell to morula-stage embryos 37, 38 than other stages of pre-implantation embryos ( Fig. 5c and Supplementary Fig. 6h; Fig. 4g ,h and Supplementary  Fig. 6i ). Interestingly, single-cell transcriptome analysis also revealed low expression levels of naive pluripotency factors, such as KLF2 in EPSCs (Fig. 5a and Supplementary Fig. 6a,b) , which is also expressed at low levels in human early pre-implantation embryos 39 . Although KLF2, TET1, TET2 and TET3 were weakly expressed in both pEPSCs and hEPSCs ( Supplementary Fig. 6a,b,f,g ), their promoter regions were characterized by active H3K4m3 histone marks (Fig. 5d,e) . In contrast to pluripotency genes, the cell-lineage gene loci (for example, CDX2, GATA2, GATA4, SOX7 and PDX1) had high H3K27me3 and low H3K4me3 marks, respectively, in both porcine and human EPSCs (Fig. 5e ).
Human and porcine EPSCs have similar signalling requirements.
To identify the signalling requirements in EPSCs, we removed individual components from the culture medium. The removal of the SRC inhibitors WH-4-023 or A419259 reduced the expression of pluripotency factors in both EPSCs (Fig. 6a-d) . Notably, using WH-4-023 instead of A419259 led to lower pluripotency gene expression in hEPSCs (Fig. 6b) . As in mEPSCs, XAV939 enhanced the Axin1 protein content (Fig. 6e) and reduced canonical WNT activities in both EPSCs (Fig. 6f) . The withdrawal of XAV939 caused a collapse of pluripotency and differentiation of these EPSCs (Fig. 6a,b,d,g-k) . SMAD2/3 were phosphorylated in EPSCs (Fig. 6e) . Massive cell loss and downregulation of pluripotency factors in pEPSCs resulted when either Activin A was removed from pEPSCM or the TGFβ inhibitor SB431542 was added (Fig. 6a,g,h,j) . Human EPSCs did not require exogenous TGFB in culture but inhibition of TGFβ induced rapid cell differentiation with preferential expression of the trophoblast genes CDX2, ELF5 and GATA2 (Fig. 6b,i,k) . At a relatively low concentration of Activin A (5.0 ng ml
), hEPSCs showed a stronger propensity for embryonic mesendoderm lineage differentiation (Fig. 6l) and generated more NANOS3-tdTomato + PGCLCs (Fig. 6m,n) . The removal of CHIR99021 and vitamin C from EPSCM did not affect pluripotency gene expression but reduced the number of colonies that formed from single cells (Fig. 6a,b,h,i) , whereas a high CHIR99021 concentration (3.0 µM) induced differentiation of both EPSCs (Fig. 6a,h,j) , as in human or rat naive cells 5, 40 . The inhibition of JNK and BRAF might improve culture efficiency but was not essential (Fig. 6h,i) . Mouse naive ESCs were cultured 1.0 μM Mek1/2 inhibitor PD0325901 (ref. 4 ). We noticed that even 0.1 µM PD0325901 decreased pEPSC survival as measured by colony formation in serial passaging (Fig. 6h) .
hEPSCs have potent potential to trophoblasts. We further investigated differentiation of hEPSCs to trophoblasts by generating the CDX2-Venus reporter line (Supplementary Fig. 7a ). Inhibiting TGFβ with SB431542 resulted in approximately 70% of the reporter cells being CDX2-Venus + (Fig. 7a) , whereas essentially no CDX2-Venus + cells were detected if the reporter cells were previously cultured in FGF or under the 5i-naive ESC conditions. Trophoblast gene levels were rapidly increased in differentiated H1-EPSCs and iPSC-EPSCs but not in H1-ESCs or H1-5i-naive cells (Fig. 7b) Supplementary Fig. 7b ). Inhibition of FGF and TGFβ signalling while simultaneously activating BMP4 was previously reported to effectively induce trophoblast differentiation of human ESCs 42, 43 . Under these conditions, the expression of trophoblast genes-especially the late trophoblast genes GCM1, CGA and CGB-was much higher in H1-EPSCs than in H1-ESCs, whereas naive 5i hESCs displayed no sign of trophoblast differentiation (Supplementary Fig. 7c) . Global gene expression analysis demonstrated that under TGFβ-signalling inhibition H1-EPSCs and iPSC-EPSCs followed a differentiation trajectory distinct from that of H1-ESCs (Fig. 7c) , and that in cells differentiated from EPSCs, but not from H1-ESCs, genes associated with trophoblast development or function were highly expressed, including: (1) BMP4 (days 2-4); (2) Syncytin-1 (ERVW-1) and Syncytin-2 (ERVFRD-1), which promote cytotrophoblast fusion into syncytiotrophoblast; (3) p57 (encoded by CDKN1C) 44, 45 ; (4) CD274 (encoding PD-L1 or B7-H1) and (5) EGFR 46 (Fig. 7d) . We next performed Pearson correlation coefficient analysis of the transcriptome of cells differentiated under TGFβ inhibition with published reference data of primary human trophoblasts (PHTs) and human placenta tissues 43 , which again revealed the similarity between cells differentiated from hEPSCs and PHTs and the placenta (Supplementary Fig. 7d ). The differentiated cells from H1-EPSCs expressed human trophoblast-specific miRNAs (C19MC miRNAs: hsa-miR-525-3p, hsa-miR-526b-3p, hsa-miR-517-5p and hsa-miR-517b-3p, ref.
47
; Supplementary Fig. 7e,f) displayed DNA demethylation at the ELF5 locus 48,49 (Fig. 7e) and produced abundant quantities of placental hormones (Fig. 7f,g ).
One key mechanism for the derivation and maintenance of mouse, porcine and human EPSCs is blocking poly(ADP-ribosyl)ation activities of the PARP family members TNKS1/2 using smallmolecule inhibitors such as XAV939 50, 51 . In human cells, poly(ADPribose) in proteins is removed by poly(ADP-ribose) glycohydrolase (PARG) and ADP-ribosylhydrolase 3 (ARH3) 52 . Genetic inactivation of Parp1/2 and TNKS1/2 in the mouse results in trophoblast phenotypes 53 , whereas inactivating Parg leads to a loss of functional trophectoderm and trophoblast stem cells (TSCs) 54 . In hEPSCs, PARG-deficiency did not appear to cause noticeable changes in EPSCs but adversely affected trophoblast differentiation ( Supplementary Fig. 7g-j) , which may indicate an evolutionally conserved mechanism for EPSCs and trophoblast development between mice and humans. and of TSCs at passage 7 (bottom). b, Expression of the trophoblast markers GATA3, TFAP2C and KRT7 in EPSC-TSCs detected by immunostaining. The nuclei were DAPI stained. Similar results were obtained in four independent EPSC-TSC lines. c, RT-qPCR analysis of pluripotency and TSC genes in four EPSC-derived TSC lines and their parental hEPSCs. JEG-3 and JAR are trophoblast cell lines. Data represent the mean ± s.d; n = 3 independent experiments. *P < 0.01 compared with TSCs. The P values were calculated using a two-tailed Student's t-test. d, PCA of gene expression of hTSCs (n = 3) and cells differentiated from human EPSCs (n = 2) under TGFβ inhibition at several time points. Enriched transcriptomic features of day-4 differentiated EPSCs were observed in hTSCs. e, Immunostaining of SDC1 and CGB in hTSC-dervied syncytiotrophoblasts. The nuclei are DAPI stained. f, Phase-contrast (top) and Hoechst-staining (bottom) images of multinucleated hTSC-derived syncytiotrophoblasts. g, Fusion index of forming syncytiotrophoblasts from hTSCs calculated as the number of nuclei in syncytia/total number of nuclei. Data represent the mean ± s.d.; n = 4 independent experiments. The P values were calculated using a two-tailed Student's t-test. h, RT-qPCR analysis of trophoblast-specific genes in syncytiotrophoblasts and EVTs derived from three hTSC lines. The expression levels were normalized to GAPDH. Data represent the mean ± s.d.; n = 3 independent experiments. i, Flow cytometry detection of HLA-ABC and HLA-G in hESCs, hEPSCs, hTSCs and hTSC-derived EVT cells (using the protocol from ref. Articles Nature Cell Biology per 3.5-cm dish), colonies with TSC morphology formed after 7-9 d (Fig. 8a) . These colonies were picked and expanded into stable cell lines under TSC conditions with up to 30% efficiency in line establishment. These hEPSC-derived TSC-like cells were referred to as hTSCs in this study. In contrast, no lines were established from human H1 or M1 ESCs under the hTSC condition, whether or not they were originally cultured under primed or naive ESCs conditions. The hTSCs expressed the trophoblast transcription regulators GATA3 and TFAP2C but had downregulated pluripotency genes (Fig. 8b,c) and showed enriched transcriptomic features of day-4 differentiated human EPSCs under TGFβ inhibition (Fig. 8d) . By following published protocols 46 , we were able to differentiate hTSCs to multinucleated syncytiotrophoblasts and HLA-G + extravillous trophoblasts (EVT; Fig. 8e-i) . Once injected into immunocompromised mice, hTSCs formed lesions with cells positively stained for SDC1 and KRT7 (Fig. 8j,k) . In addition, high levels of hCG were detected in the blood of mice with hTSC-lesions but not in control mice injected with vehicle only (Fig. 8l) . Although neither EPSCs expressed high levels of placenta developmentrelated genes ( Supplementary Fig. 6c,d ), both displayed enriched H3K4me3 at these loci ( Supplementary Fig. 8a ), clearly underpinning the trophoblast potency of EPSCs. Stable TSC-like lines could also be derived from pEPSCs Emb (pTSCs) under hTSC conditions ( Supplementary Fig. 8b ). The pTSCs were similar to hTSCs in gene expression profiles and the propensity of lesion formation in immunocompromised mice ( Supplementary Fig. 8c-f ). When introduced into porcine pre-implantation embryos, descendants of pTSCs were found in the trophectoderm and expressed GATA3 and CDX2 ( Supplementary Fig. 8g ). Our results therefore provide compelling evidence that human and porcine EPSCs possessed expanded potential that encompasses the trophoblast lineage.
In conclusion, murine, porcine and human EPSCs can now be established under similar in vitro culture conditions. These stem cells share common molecular features and possess expanded potency for both embryonic and extra-embryonic cell lineages that are generally not seen in conventional ESCs or iPSCs. Therefore, EPSCs represent a unique state of cellular potency. The successful generation of EPSCs produces tools for the investigation of embryonic development and opens avenues for translational research in biotechnology, agriculture, and genomic and regenerative medicine.
online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of code and data availability and associated accession codes are available at https://doi.org/10.1038/ s41556-019-0333-2. 20 .0 ng ml −1 Activin (SCI) and 0.3% FBS (Gibco, cat. no. 10270). To make hEPSCM (500 ml), the following components were added into 500 ml N2B27 basal media: 1.0 µM CHIR99021, 0.1 µM A419259 (Tocris, cat. no. 3914), 2.5 µM XAV939 or 2.0 µM IWR-1, 65 µg ml −1 vitamin C and 10 ng ml −1 LIF (SCI). In addition, 0.25 µM SB590885 and 2.0 µM SP600125, or 1.0 % ITS-X, could be included to improve EPSC cultures, but they were not essential for the routine maintenance of porcine and human EPSCs. All cell cultures in this paper were maintained at 37 ℃ with 5% CO 2 , unless stated otherwise. ; Sigma, cat. no. D9891) was used to induce expression of the reprogramming factors. For transgene-dependent iPSC generation, the colonies were picked at day 12 into M15 (knockout DMEM (Gibco, cat. no. 10829-018), 15% FBS (Gibco, cat. no. 10270), 1× glutamine penicillinstreptomycin (Thermo Fisher Scientific, cat. no. 11140-050), 1× NEAA (Thermo Fisher Scientific, cat. no. 10378-016) and 0.1 mM 2-mercaptoethanol (Sigma, cat. no. M6250)) supplemented with Dox, 50 μg ml −1 vitamin C and 10 ng ml −1 bFGF. To directly establish transgene independent iPSCs lines in pEPSCM, Dox was removed at day 9 and the media was switched to pEPSCM. The iPSC colonies were picked and cultured in pEPSCM supplemented with 5 μM Y27632 on day 14 or 15. Y26537 was removed from the culture media 24 h later.
Reprogramming PFFs to iPSCs. Germany Landrace and
Screening for the culture conditions of pEPSCs. Dox-dependent porcine iPSCs were dissociated using trypsin and seeded in 24-well STO feeder plates at a density of 1 × 10 4 cells well −1 . The cells were cultured for 2 d in M15 supplemented with Dox, vitamin C and 10 ng ml −1 bFGF before the culture media was switched to the test media (Supplementary Table 1 ). M15 and N2B27 media were prepared as above. AlbumMax media comprised: DMEM/F-12, 20% AlbumMax II (Gibco, cat. no. 11021-037), 25 mg ml . The medium was refreshed daily and the surviving cells were passaged at day 6 with 5 µM Y27632. Endogenous porcine OCT4 and NANOG expression was checked after 4 d.
Sow superovulation.
Peripubertal German Landrace gilts were synchronized by feeding 5 ml per day per gilt altrenogest (Regumate; 4 mg ml
; MSD Animal Health) for 13 d. An injection of 1,500 international units (IU) pregnant mare serum gonadotropin (PMSG) was administered on the last day of altrenogest feeding 56 . Ovulation was induced by intramuscular injection of 500 IU hCG (Ovogest; MSD) 76 h later.
Sows insemination and embryo recovery. The sows were artificially inseminated twice at 40 and 48 h after hCG administration with semen from Germany Landrace boars. Five days later, the sows were killed and the embryos were flushed with Dulbecco's PBS medium supplemented with 1% newborn calf serum. The collected morulae were either directly used for injection experiments or cultured overnight in PZM-3 medium to the blastocyst stage and used for inner cell mass (ICM) isolation.
Generation of parthenogenetic embryos. Oocytes isolated from abattoir ovaries were matured in vitro in 1:1 DMEM high glucose and Ham's F-12 medium supplemented with 60 μg/ml penicillin G potassium salt, 50 μg/ml streptomycin sulfate, 2.5 mM l-glutamine, FBS, murine EGF, 10 IU ml −1 PMSG, 10 IU ml
human chorionic gonadotropin, 100 ng ml −1 human recombinant IGF1 and 5 ng ml −1 recombinant human bFGF for 40 h in humidified air with 5% CO 2 at 38.5 °C. Matured oocytes were enucleated as described previously 57 . Enucleated oocytes were exposed to a single pulse of 24 V for 45 μs in SOR2 activation medium 57 followed by incubation in 2 mM 6-dimethylaminopurine in PZM-3 medium for 3 h. For the isolation of ICMs, blastocysts from day 6 were cultured for an additional 24 h in D15 medium (DMEM high glucose, 2 mM l-glutamine, 15% FBS, 1% penicillin/streptomycin solution, 1% MEM non-essential amino acids solution and 0.1 mM 2-mercaptoethanol supplemented with LIF).
Outgrowths from porcine blastocysts. Parthenogenetic blastocysts from day 7 and in vivo-derived blastocysts from day 5 were used to obtain ICMs by placing them in Ca 2+ -TL-HEPES medium by microsurgery using ophthalmic scissors. Isolated ICMs were cultured for 7 d on STO cells in pEPSCM, in the presence of 10 μM Y27632, until initial outgrowths could appear. The outgrowths were mechanically isolated and reseeded onto fresh STO cells in pEPSCM. The cells formed well-defined porcine EPSC Emb colonies 3 d later.
In vitro chimera assay. Small clumps of 6-8 EPSCs Emb or EPSCs iPS expressing mCherry were resuspended in D15 medium containing mouse LIF and 10 μM Y27632 and injected into day 4 or 6 porcine parthenogenetic embryos using a piezo-driven micromanipulator in Opti-MEM I (1×) + GlutamMAX-I reduced serum medium supplemented with 10% FBS. After injection, embryos were cultured in D15 medium at 39 °C in 5% CO 2 and 5% O 2 for 24 h (for day 6 blastocysts) or 48 h (for day 4 embryos). Uninjected embryos (day 4 or 6) were used as controls for embryo development.
In vivo chimera assay. Two days before injection, the pEPSC medium was switched to pEPSCM without WH-4-023 (pEPSCM minus SRCi). One day before injection, the medium was replaced with pEPSCM minus SRCi supplemented with 5 ng ml −1 heparin and 10 ng ml −1 bFGF. The medium was then replaced with pEPSCM-SRCi supplemented with 5 ng ml −1 heparin, 10 ng ml −1 bFGF, 10 ng ml
human LIF, 5 µM Y27632, 20 ng ml −1 human recombinant Activin A and 10% FBS 4 h before injection.
During injection, EPSCs Emb were added to a 500 μl drop of M15 medium supplemented with 50 µg ml −1 vitamin C, 0.1 µM CHIR99021, 20 ng ml −1 human recombinant Activin A, 10 ng ml −1 bFGF, 10 ng ml −1 human LIF, 5 ng ml −1 heparin and 5 μM Y27632 and plated under phase-contrast inverted microscope equipped with a microinjection system. Day 5 porcine morulae were added to a 500 μl drop of Opti-MEM I (1×) + GlutamMAX-I reduced serum medium supplemented with 20 ng ml −1 human recombinant Activin A, 10 ng ml −1 bFGF, 5 μM Y27632 and 10% FBS. After injection, the morulae were either incubated for 4 h until the embryo transfer in medium used for the injection or cultured overnight and fixed for confocal microscopy analysis.
Evaluation of chimerism in porcine blastocysts cultured in vitro.
Porcine chimeric blastocysts were fixed in 3.7% formaldehyde solution for 15 min at room temperature. Thereafter, the embryos were incubated with 0.2 μM SiR-DNA for 30 min at 37 °C to visualize the nuclei. Blastocysts were analysed using a confocal screening microscope.
Flow cytometry of dissected pig chimera tissues and EBs for PGCLCs. The fetuses were dissected into small pieces representing several pieces of the head, trunk and tail. The dissected tissues and placenta were dissociated with 1.0 mg ml
collagenase IV for 1-3 h at 37 °C on a shaker. The dissociated cells were filtered with a 35-µm nylon mesh and fixed using Fixation medium according to the manufacturer's manual (BD Cytofix, cat. no. 554655). PGC EBs were trypsinized with 0.25% trypsin/EDTA and stained with PerCP-Cy5.5-conjugated anti-TNAP Articles Nature Cell Biology antibody. NANOS3-H2B-mCherry + /TNAP + cells were detected using 561 nm (610/20 bandpass filter) and 488 nm (710/50 bandpass filter) channels. FACS data were analysed by FlowJo software. The antibodies used in these experiments are listed in Supplementary Table 7 .
Differentiation of porcine EPSCs to PGCLCs. The piggyBac-based PB-TRE-NANOG, PB-TRE-BLIMP1, PB-TRE-TFAP2C and PB-CAG-SOX17-GR
expression constructs were transfected into the pig NANOS3-2A-H2B-mCherry reporter EPSCs emb . Thereafter, the expression of transgenic NANOG, BLIMP1 and TFAP2C was induced by 1.0 µg ml −1 Dox for the indicated time periods. The SOX17 protein was translocated into the nucleus by the addition of 2.0 µg ml −1 dexamethasone (Sigma, cat. no. D2915). Pre-differentiated cells were collected and plated to ultra-low attachment U-bottom 96-well plates (Corning, cat. no. 7007) at a density of 5,000-6,000 cells well −1 in 100 µl PGCLC medium. After 3-4 d, the EBs were collected for analysis. PGCLC medium is composed of Advanced RPMI 1640, 1% B27 supplement, 1.0× glutamine penicillin-streptomycin, 1.0× NEAA, 0.1 mM 2-mercaptoethanol and the following cytokines: 500.0 ng ml −1 BMP2, 10.0 ng ml
human LIF, 100.0 ng ml −1 SCF, 50.0 ng ml −1 EGF and 10.0 µM Y27632. For human PGCLCs, we tested the PGC differentiation potential of two hEPSC lines with the sequential induction method 28 .
Teratoma assay of pig and human EPSCs. Porcine and human EPSCs were resuspended in PBS supplemented with 30% matrigel (Corning, cat. no. 354230) and 5.0 µM Y27632. EPSCs (5 × 10 6 ) were subcutaneously injected into both dorsal flanks of NSG mice. EPSCs formed visible teratomas between 8 and 10 weeks. When the size of the teratomas reached 1.2 cm 3 , they were collected and processed for sectioning.
EB formation assay of EPSCs. Pre-differentiated EPSCs were detached using 0.25% trypsin/EDTA and plated to ultra-low cell attachment U-bottom 96-well plates at a density of 5,000-6,000 cells well were seeded on a STO feeder (9-cm dish) in bFGF-containing media with 5.0 µM Y27632. The standard hESC media used was: DMEM/F-, 20% KSR, 1.0× glutamine penicillin-streptomycin, 1.0× NEAA, 0.1 mM 2-mercaptoethanol and 10.0 ng ml −1 bFGF (SCI). A day later, the medium was switched to hEPSCM. After about 5-6 d, hEPSC colonies emerged with most ESCs differentiated and could be expanded in bulk. Single colonies could also be picked and expanded following the method described above.
Reprogramming human fibroblasts to EPSCs. The DNA mixture consisted of 2.0 μg PB-TRE-hOCKS, 1.0 μg PB-TRE-RL, 1.0 μg PB-EF1a-transposase and 1.0 μg PB-EF1a-rtTA. Transfected cells (0.2 × 10 6 ; GM00013, Coriell Institute; Amaxa Nucleofector) were seeded on STO (10-cm dish) in M15 supplemented with 50 µg ml −1 vitamin C and Dox (1.0 μg ml
−1
). Dox was removed at days 12-14 and the media was switched to hEPSCM. The surviving colonies were picked to hEPSCM at about day 21 and expanded to stable iPSC-EPSC lines.
Differentiation of hEPSCs to trophoblast lineages. Human EPSCs were dissociated with 0.25% trypsin/EDTA and seeded in gelatinized six-well plates at a density of 0.1 × 10 6 cells well cat. no. 354233) at a density of 2,000 cells well −1 and cultured in hTSC media as described 46 with a minor modification. After about 7-9 d of culture, the TSC-like colonies were picked, dissociated in TrypLE and re-plated into a 12-well dish precoated with 1.0 mg ml −1 Col IV. After 4 or 5 passages, the cells were collected for syncytiotrophoblast and extravillous trophoblast (EVT) differentiation tests 46 . TSC lesion assay. TSCs were dissociated with TrypLE and resuspended in PBS supplemented with 30% matrigel and 10 µM Y27632. TSCs (5 × 10 6 in 100 µl) were subcutaneously injected into both dorsal flanks of eight-week-old male SCID mice. TSCs formed visible lesions within 7-10 d. The lesions were dissected, fixed overnight in 4% phosphate-buffered formalin and embedded in OCT compound and paraffin for sectioning.
RNA-Seq analysis of global gene expression in EPSCs and hTSCs. The cells for RNA preparation were collected from the same batch of culture when the culture had reached 70-80% confluence. Biological replicates were included to allow meaningful conclusions. For human data, protein coding transcripts from GENCODE v27 were used and transcripts from PAR_Y regions were removed from the reference; for mouse data, protein coding transcripts from GENCODE vM16 were used; for pig data, Ensembl build Sscrofa11.1 was used. Human naive and primed ESC RNA-Seq 6 data were downloaded from ENA (Study accession no. PRJNA326944); human embryo single-cell data were downloaded from ENA (Study accession nos PRJNA153427 and PRJNA291062) 37, 38 . Mouse EPSC data were from our previous study 15 . The commands used to process the data can be found in the GitHub repository (https://github.com/dbrg77/pig_and_human_EPSC). The expression levels of each selected histone gene in different types of human cells and early embryos were extracted from the expression matrix and visualized as a heat map generated by GraphPad Prism 7.04 (https://www.graphpad.com/scientificsoftware/prism/). The gene-expression values were linearly transformed into colours (as indicated by the colour legend below each matrix). For scRNA-Seq, we added an extra quality control step where cells with fewer than 10,000 total reads, less than 4,000 detected genes (at least 1 read), more than 80% of reads mapped to ERCC or more than 60% of non-mappable reads were removed before downstream analyses.
Batch correction, PCA and cross-species comparison. The gene count from each sample was collected and log10 transformed. The batch effect (batches here mean different studies) and sequencing depth (total number of reads per sample) were then regressed out using the 'regress_out' function from the NaiveDE package (https://github.com/Teichlab/NaiveDE/tree/master/NaiveDE). PCAs were done on the regressed matrix using Scikit-learn 58 . For cross-species comparisons, only the one-to-one orthologous genes were used.
RNA-Seq analysis of human EPSC differentiation to trophoblasts. A reference index was created based on hg38 from the GENCODE database 59 . Gene expression matrices were generated using Salmon 60 with the following parameters: salmon quant-no-version-check -q -p 6-useVBOpt-numBootstraps 100-posBiasseqBias-gcBias. For tSNE analysis, the R package 'Rtsne' was used for the dimension reduction of gene expression matrices (genes with maximum TPM ≤ 1 were filtered out) and the corresponding result was visualized using a custom R script. For the Pearson's correlation, the RNA-Seq data for reference tissues was downloaded from Chang et al. 61 and the data for reference cells (uESCs, uPHTs, dESCs and dPHTs) was downloaded from the paper by Yabe and colleagues 43 . A list of tissue-specific genes (n = 2,293) defined by Chang et al. 61 were selected for Pearson correlation coefficients analysis. A pairwise calculation was performed between our data (H1-ESC, H1-EPSC and hiPSC-EPSC) and external references. The expression levels of each trophoblast gene were extracted from the expression matrix and normalized using the following method. The TPM of a given gene was divided by the highest gene-expression level of that gene in a row (12 data points for each cell line, in 36 total values for H1-ESC, H1-EPSC and hiPSC-EPSC). Through this method, each TPM was transformed into a value between zero and one. The overall gene signatures were plotted as a heat map.
PCA analysis of hTSC RNA-Seq. We applied the 'factoextra' R package for PCA analysis and 'limma' R package for batch-effect removal. Genes whose TPM values were lower than one in all samples were removed from the TPM expression matrix.
Construction of scRNA-Seq libraries. The single-cell messenger RNA-Seq library was generated following the SMART-seq2 described protocol 62 . The quality of the library was then assessed by a Bioanalyzer (Agilent) before submission to the DNA sequencing pipeline at the Wellcome Trust Sanger Institute. Pair-ended 75-bp reads were generated by HiSeq2000 sequencers.
ChIP-seq analysis of histone modification profiles in EPSCs. The H3K4me3, H3K27me3, H3K27ac and input ChIP libraries of EPSCs were prepared according to Lee and colleagues 63 . The multiplex sequencing libraries were prepared with the microplex library construction kit (Diagenode, cat. no. C05010014). DNA was amplified for 11 cycles and the library was checked on a Bioanalyzer (Ailgent) using a high-sensitivity DNA kit. The library concentration was checked by . For the identification of enriched regions of punctate marks (H3K4me3 and H3K27ac) from pig samples, peak calling was performed with flags '-g 2.7e9 -q 0.01 -f BAMnomodel-extsize 200′. For the identification of enriched regions of broad marks (H3K27me3), peak calling was performed with flags '-g 2.7e9 -q 0.01 -f BAMnomodel-extsize 200-broad' . For human data, peak calling was done in the same way with a change of genome size '-g hs' during the peak calling. The resulting bedGraph files were converted to bigWig files using the script bdg2bw (https:// gist.github.com/jl32587/34370c995460f9d5ad65). The bigWig files were visualized using the UCSC genome browser 66 .
Statistical analysis and reproducibility. No statistical methods were used to predetermine the sample sizes. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. The statistical analysis was conducted with Microsoft Excel or Prism 7.04 (GraphPad). The P values were calculated using a two-tailed Student's t-test. The figure legends indicate the exact number of measurements, the number of independent experiments and the statistical test used for each analysis performed. Experiments were repeated independently with similar results obtained.
Reporting Summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
Sequencing data are deposited into ArrayExpress and the accession numbers are E-MTAB-7252 (ChIP-Seq), E-MTAB-7253 (bulk RNA-Seq) and E-MTAB-7254 (scRNA-Seq). Re-analysed previously published data are available under the accession codes ENA PRJNA326944, ENA PRJNA153427, ENA PRJNA291062 and GSE73017. The source data for the figures and supplementary figures are in Supplementary Table 10 . All other relevant data are available from the corresponding author on request.
Code availability
The software and algorithms for data analyses used in this study are all wellestablished from previous work and are referenced throughout the manuscript. No custom code was used in this study.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Data analysis
Microsoft Excel 2016 and GraphPad Prism 6 were used to analyze statistical data and draw graphs in the study. FlowJo V10 was used to analyze the flow cytometry data. Photoshops CS5 was used to crop images from unprocessed gel images. All codes used to process and analyse the data are available at the GitHub repository: https://github.com/dbrg77/pig_and_human_EPSC.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: All studies must disclose on these points even when the disclosure is negative.
Sample size
Sample sizes were determined based on preliminary experiments and our experience with the specific type of experiment and commonly used sample sizes in comparable publications within this field of research. We independently performed all experiments (including porcine EPSC derivation from preimplantation embryos and porcine/human EPSCs from somatic cells; EPSC differentiation in vitro/vivo, PGCLC derivation; TSC derivation from porcine/human EPSC; RNAseq and ChIPseq) at least 3 times, allowing to judge the degree of variability between replicates. The sample sizes and number of repeats are defined in each figure legends.
Data exclusions No data exclusion from the analysis.
Replication
Each experiment was repeated independently at least three times and sample sizes and number of repeats are defined in each figure legends. All the experimental findings were reliably reproduced.
Randomization For pig embryo microinjections, embryos and recipient sows were randomly allocated into experimental groups.
Blinding
The investigators were blinded to group allocation during data collection.
Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative. Ecological, evolutionary & environmental sciences study design
Study description
All studies must disclose on these points even when the disclosure is negative. 
Data collection
Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Outcomes
Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
ChIP-seq Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.
Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.
Data access links
May remain private before publication.
For ChIP-seq (E-MTAB-7252): https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7252/.
Files in database submission Sequencing depth 50 base pair single end reads were mapped to the UCSC reference genomes (build susScr11 for pig and hg38 for human) using bowtie2 (version 2.3.4) with default setting. For the human reference hg38, all the alternative loci were removed (chr*_alt) before mapping. Reads mapped to the mitochondrial genome were removed, and reads mapped to the nuclear genome were filtered by samtools with flags '-q 30' to filter reads with relatively low mapping quality (MAPQ less than 30).
For the ChIP-seq data from human naïve and primed ESCs, raw reads were downloaded from ENA (Study accession PRJNA255308) and processed in the same manner.
Antibodies
Antibodies against H3K4me3 and H3K27me3 were used for ChIP-Seq analysis. Please see Supplementary Table 7 for details.
Peak calling parameters
Peak calling was performed using MACS2 (2.1.1.20160309). For identification of enriched regions of punctate marks (H3K4me3 and H3K27ac) from pig samples, peak calling was performed with flags '-t chip.bam -c input.bam -g 2.7e9 -q 0.01 -f BAM --nomodel --extsize 200 -B --SPMR'. For identification of enriched regions of broad marks (H3K27me3), peak calling was performed with flags '-t chip.bam -c input.bam -g 2.7e9 -q 0.01 -f BAM --nomodel --extsize 200 -B --SPMR --broad'. For human data, peak calling was done in the same way, with a change of genome size '-g hs' during the peak calling. The resulting bedGraph files were converted to bigWig files using the script bdg2bw (https://gist.github.com/ jl32587/34370c995460f9d5ad65). The bigWig files were visualised using UCSC genome browser.
Data quality
For H3K4me3 peaks, all samples have more than 20,000 peaks that have FDR<1% and fold enrichment more than 5. For H3K27me3 peaks, they are broad. We visually inspect the signal along the genome browser link provided above. This is the most efficient way of examining the data. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.
A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology Sample preparation
The half fetuses of day 26-28 chimeras were dissected into small tissue pieces representing several body sections (head, trunk and tail). The dissected tissues and placenta were digested with 1.0 mg/ml collagenase IV (Thermo Fisher Scientific, Cat. No. Cell population abundance Purity was computer determined by Summit software. A value of % total between 80-90% was obtained. The % total was the % of cells sorted on the stream out of all sorted cells.
Gating strategy
Because of the various sizes of the dissociated cells analyzed , the majority of starting cells were included in FSC/SSC gates. The boundary between positive and negative is defined according the negative control. Please see an example in Supplementary  Figure 3c .
Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
Magnetic resonance imaging
Experimental design 
